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Introduction
According to the World Health Organization, 9 % of the world's adult population suffers from diabetes, and the rising prevalence of type 2 diabetes (T2D) is predicted to reach exceptional levels [1] . Regular exposure to diets with a high glycemic load (a measure of the overall blood glucose-raising effect of a serving of a food) may contribute to postprandial hyperglycemia, a risk factor for T2D and endothelial dysfunction [2, 3, 4, 5] . Strategies to control chronic postprandial hyperglycemia by optimizing the functionality of foods would strengthen efforts to reduce the risk of developing T2D in the general population. The physico-chemical composition of certain fruits, including cell wall structure [6] and polyphenolic constituents [7, 8] , may help to delay starch and disaccharide digestion and glucose absorption following a carbohydrate-containing meal or beverage. In vitro studies suggest that some berry anthocyanins and apple polyphenols are effective inhibitors of digestive enzymes, α-amylases and α-glucosidases [9, 10, 11, 12, 13] . Furthermore, polyphenols found in berries and apples inhibit the action of intestinal glucose transporters SGLT1 and GLUT2 [8, 14, 15, 16, 17, 18] . Human data is limited; however randomized controlled trials (RCTs) have shown that berries [19, 20, 21, 22] and apple products [8, 23, 24] reduced postprandial glucose concentrations following consumption of either starch, glucose or sucrose loads. However, the majority of study designs have administered the whole fruit or fruit product, e.g. juice,
making it difficult to identify the effects of the polyphenols relative to other aspects of the fruit composition. Confounding factors, including the degree of mastication, variability in the food matrix, and interactions with macronutrients, could influence the release of polyphenols and digestible carbohydrate from plant cell walls in whole fruit test meals [25, 26] . A previous RCT showed that a drink containing 600 mg of
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meal. The present study tested the hypothesis that consumption of drinks containing highly purified polyphenol-rich apple and anthocyanin-rich blackcurrant extracts together with a starch and sucrose meal would reduce the extent of the initial postprandial glycemic response. The primary outcome variable was early postprandial glycemia (incremental area under the curve (iAUC) 0-30 min); secondary outcome variables included other measures of postprandial glycemia (iAUC 0-120 min, Cmax, Tmax), parameters of plasma insulin secretion (insulin, Cpeptide), incretin response (glucose-dependent insulinotropic polypeptide, GIP), and non-esterified fatty acid (NEFA) responses, and markers of vascular function. A secondary aim was to verify the capacity of the same fruit extracts to inhibit glucose transport in vitro using cell culture models, and to investigate the role of SGLT1 and GLUT transporters in any reduction in glucose uptake observed.
Materials and Methods

Subjects
Participants were recruited from King's College London and the general public in the London area. Advertisement was done using circular emails within King's College London (KCL), social networking website, poster advertising at KCL, community centers, and via an online advertising agency. The intended sample size of 26 subjects had 80% power to detect a difference between average mean area under the curve values (0-30 min) of 0.35 mmol/L·h between test drinks with a significance level of α=0.01 (two-tailed), calculated from a 0.44 mmol/L standard deviation of the difference (using data from our previous study using anthocyanin-rich blackcurrant
extract) [27] . A participant information sheet was provided to volunteers who expressed interest; respondents were initially interviewed over the telephone. where it was essential to know which treatment a subject received in order to give the appropriate medical care. Investigators, laboratory technicians and participants remained blinded until after the study was completed and data analysis was performed.
Study design
A randomized, controlled, double-blind, cross over design was used to allow subjects to receive each of the 3 test drinks in random order at 3 separate study visits with at least 7 days wash-out between each visit. The study took 7 months to run, from January 
Digital volume pulse and blood pressure measurements
Arterial tone was measured using the digital volume pulse (DVP). DVP measurements were obtained by photoplethysmography (PulseTrace PCA 2, Micro
Medical Ltd, Kent, UK) and used to calculate stiffness index (DVP-SI, m/s) and reflection index (DVP-RI, %). DVP was measured using an infra-red probe clipped on the finger/thumb of any hand (preferably index finger of the non-dependent hand).
Participants were allowed to rest quietly, in supine position, at a comfortable room temperature for 10 min before measurements were performed. The measurements were done 3 times, using the equipment default settings, separated by [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] seconds. The three values for DVP-SI were within 10-15% of each other. If one was clearly irregular it was discarded. Blood pressure was measured at the brachial artery using a calibrated automated blood pressure monitor (Omron 705IT, Omron
Healthcare Europe B.V.) immediately after DVP measurements were taken.
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In vitro studies
Cells were exposed to the same apple extract used in the dietary intervention trial at concentrations in the physiological range estimated to be present in the small intestine after ingestion of test drinks in human studies, in addition to higher and lower concentrations (concentration range 0.07 -4.0 mg total polyphenols/ml).
Caco-2 cells
The human intestinal Caco-2 cell line (TC7 subclone) was cultured as previously described [14] . Cells were cultured at 37 °C in a humidified incubator (BIOHIT, uptake (the sum of SGLT1-and GLUT-mediated transport) was undertaken in KBS, whereas quantification of GLUT-mediated uptake was undertaken in sodium-free KBS. Before uptake started, DMEM was removed and cells were washed once with room temperature KBS. Cells were pre-incubated for 15 min with pre-incubation media; uptake was initiated by replacing pre-incubation media with uptake media.
Uptake media contained, except for controls, glucose transporter inhibitors (phlorizin, phloretin or cytochalasin B) or increasing concentrations of the same apple and
A C C E P T E D M A N U S C R I P T
ACCEPTED MANUSCRIPT 13 13 blackcurrant extracts used in the clinical trial at physiological concentrations. After 10 min the uptake media was aspirated and the transport process was stopped by washing each well 3 times with ice cold KBS, cells were then processed for radioactivity count on a Liquid Scintillation Counter (Beckman Coulter, Inc. LS6500).
Oocytes
Batches of Xenopus laevis oocytes were provided by the European Xenopus
Resource Centre of the University of Portsmouth. Isolated oocytes were injected with cRNA as previously described [15] . Transport assays were carried out 4 days post-injection, allowing time for the cRNA translation and expression of mature protein (SGLT1 transporter) into the oocyte plasma membrane. Non-injected oocytes were used as shams in the uptake assays and uptake was adjusted for sham diffusional glucose uptake. For glucose transport assays, uptake media contained 10 mM D-glucose and 0.5 μCi/ml Glucose D-[14C(U)] as tracer. MBS media was used as uptake media and phosphate-buffered saline (PBS, Severn Biotech) as wash media; uptake period in all experiments was 10 minutes. To ensure the oocyte system was functioning as expected, phlorizin and phloretin were tested to examine the effects of apple and blackcurrant extracts on glucose uptake, uptake media was added containing, except for control, increasing concentrations of apple and blackcurrant extracts at physiological doses. Uptake was initiated by aspirating incubation media and adding 500 μL of uptake medium and terminated by aspirating uptake media and washing three times with 4 ml of ice cold PBS. Subsequently each oocyte was processed for radioactivity counting.
Statistical analysis
AUC and iAUC were calculated using the trapezoidal rule. iAUC was calculated by
subtracting baseline values from all subsequent time-point values [30] . Experiments with normally distributed data were analyzed by one-way analysis of variance with Dunnett's multiple comparison post hoc test or by unpaired t-test.
IC50's for cell experiments were estimated by non-linear regression analysis using the software SigmaPlot 13 for windows (Systat Software Inc. CA, USA).
Results
A total of 42 healthy men and postmenopausal women aged 20 to 60 years attended screening sessions, 34 met all inclusion criteria and were randomized to treatment.
Twenty-five subjects completed the study. Details of study stages from enrolment to completion are shown on the consort diagram (Figure 1) . Baseline characteristics of the 25 participants who completed the study are shown in Table 2 .
Human study
Glucose, insulin, C-peptide and GIP
AE+BE and AE treatments significantly lowered plasma glucose concentrations in the early postprandial period (0-30 min) compared with CON (iAUC 0-30 min, see Table 3 for details). Post hoc analysis with Tukey's adjustment showed significantly lower glucose concentrations following AE and AE+BE compared with CON at 10, 20
and 30 min post-drink (Figure 2) . Changes from baseline for glucose concentrations 0-120 min also differed significantly by treatment; iAUC 0-120 min was significantly different between AE+BE and CON treatments, but not between AE and CON ( Table   3 ). AE and AE+BE had a lowering effect on maximal plasma glucose concentration Figure 1) .
Blood pressure and vascular function
There were no differences between treatments for systolic and diastolic blood pressure (Supplementary Figure 2) . There were no differences in raw data for stiffness and reflection index values, however change from baseline on DVP-RI values were significantly reduced during the whole postprandial period by treatment AE compared with CON (Supplementary Figure 3) .
In vitro studies
Caco-2 cells
Dose-response assays in the presence of different concentrations of apple polyphenols showed an inhibition on total and GLUT-mediated glucose uptake down to a concentration of 0.15 mg polyphenols/ml (P<0.0001) (Figure 6A and 6B) . A concentration of 0.3 mg polyphenols/ml inhibited 51% of total glucose uptake and 46% of sodium-independent uptake, and corresponded to an estimated effective A C C E P T E D M A N U S C R I P T physiological dose in the human study of 600 mg apple polyphenols (900 mg apple extract). Similar dose-response inhibitory effects of blackcurrant extract on total and sodium-independent glucose uptake were observed, down to a concentration of 0.2 mg polyphenols/ml (P<0.0001) (Figure 7A and 7B) . Concentrations of blackcurrant polyphenols necessary to inhibit total and sodium-independent glucose uptake by half relative to control (0 mg polyphenols) were estimated (IC50). Blackcurrant polyphenols under sodium-dependent conditions (total glucose uptake) had an IC50 of 0.51 ± 0.07 mg polyphenols/ml (mean ± SE) and under sodium-independent conditions an IC50 of 0.63 ± 0.07 mg polyphenols/ml, suggesting a slightly greater inhibition of total glucose uptake compared with GLUT-mediated glucose uptake.
Oocytes
In oocytes injected to express SGLT1, glucose uptake was inhibited by 85% and 59% by phlorizin and phloretin (0.5 mM), respectively, relative to control treatment (P<0.0001) (data not shown). There was a highly significant relative reduction in glucose uptake after 0.125-4.0 mg apple polyphenols/ml ( Figure 6C ) and 0.1-1.6 mg blackcurrant polyphenols/ml (P<0.0001) ( Figure 7C) , with no dose-response effect for apple extract and an IC50 of 0.12 mg blackcurrant polyphenols/ml following blackcurrant extract treatment.
Discussion
Consumption of drinks containing apple polyphenols and the combination of apple with blackcurrant polyphenols exerted an inhibitory effect on postprandial glycemia and insulinemia, particularly during the first 30 min post-meal, with the combination of both extracts having a more potent effect. A similar response was found for the gut incretin, GIP, following both treatments. Previously we reported that a drink Furthermore, a dose of 2.8 g of an apple extract containing 448 mg of phlorizin, reduced plasma glucose iAUC 0-45 min in healthy human subjects following a 75 g glucose load [8] , and 25 g of unripe apple extract, derived from apple pomace, containing 315 mg of phlorizin reduced postprandial glucose response in healthy volunteers following a 50 g glucose load [24] . The magnitude of the inhibition found in the present study is greater than that previously reported in the literature. Possible explanations include the solid state of the high-carbohydrate meal prolonging digestion (thereby allowing more time for inhibition to take effect) compared with liquid meals, and the use of a mixed carbohydrate meal (starch and sucrose) as opposed to single carbohydrate loads of glucose, fructose, and sucrose in studies reported previously [8, 24] .
In vitro studies have shown inhibitory effects on the digestive enzymes, -amylase and -glucosidases (maltase and sucrase), by flesh and peel apple extracts [31] and also some of the principal individual polyphenols present in apple, such as quercetin [10] , proanthocyanidins [32] and chlorogenic acid [33] . Furthermore, inhibition of glucose transporters (SGLT1 and GLUT2) by apple extracts, phlorizin, and quercetin glycosides [8, 16, 34] , may also contribute to the marked effect on postprandial 20 20 glucose and insulin response observed in vivo. Our in vitro data supports the theory that the apple extract in the present human study may have exerted an inhibitory effect on small intestinal glucose transport, since the same extract dose-dependently inhibited total glucose uptake and sodium-independent glucose uptake into Caco-2 cells, a well-established in vitro model of the human enterocyte. Inhibition of glucose uptake in Caco-2 cells by apple extract appeared to occur predominantly via inhibition of the sodium-independent route, most likely mediated by GLUTs.
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However, components of the apple extract may have also inhibited the sodiumdependent route, since the extract significantly inhibited glucose uptake into oocytes injected to express SGLT1. Although phlorizin is an effective inhibitor of SGLT1-mediated glucose transport, other polyphenols contained in apple extract also have inhibitory effects [8] and it is likely that larger inhibitory effects on glucose uptake may be exerted by complex mixtures of polyphenols in fruit extracts due to additive or synergistic effects. Proanthocyanidins, estimated to constitute 540 and 600 mg of the AE+BE and AE drinks, respectively [29] , are probably responsible for a significant proportion of the inhibitory effects on postprandial glucose response [35] .
In vitro enzymatic studies have suggested non-specific inhibition of α-amylase by proanthocyanidins [7] . Interactions between polyphenols might show an additive effect when proanthocyanidins are combined with other phenolic compounds which inhibit α-amylase, such as anthocyanins [36] , flavonols and flavones [37] , or a synergistic effect when combined with α-glucosidase inhibitors such as chlorogenic acid [38] .
Plasma insulin concentrations follow the glycemic response curve, but circulating concentrations are subject to the rate of hepatic extraction as well as pancreatic secretion rates. We analyzed C-peptide concentrations (a polypeptide removed from the proinsulin molecule to produce insulin), as a more accurate biomarker of insulin secretion rates [39] . Results confirm a potent inhibition of insulin secretion up to 45 min post-meal by AE+BE, and to a lesser extent AE. Plasma NEFA concentrations followed the expected insulin-mediated suppression following a high-carbohydrate meal following each of the test drinks, but the degree of suppression was ameliorated following AE and AE+BE treatments compared with CON, mirroring the reduction in plasma insulin and GIP secretion.
Inhibition of incretin secretion is a prime mechanistic candidate for the inhibition in early-phase insulin secretion. Plasma concentrations of the incretin, GIP, were decreased by treatments AE+BE and to a lesser extent AE up to 75 min postprandially, in agreement with previous findings following a drink containing blackcurrant extract [40] . Intestinal sodium-dependent glucose transporter SGLT1
has been shown to be physically and physiologically related with the expression of GIP, and SGLT1 may act as a glucose sensor for GLP-1 secretion [41] . GIP is secreted in the proximal section of the small intestine by K-cells only minutes after carbohydrate and fat intake [42] . Our results agree with a previous report of inhibition of glucose-induced, SGLT1-mediated incretin secretion by phlorizin in mice [43] , although experiments using a rat model suggest GLUT2 might also play a role as glucose sensor for glucose-induced incretin secretion [44] . This presents an additional mechanism whereby polyphenols such as phloretin, a GLUT2 inhibitor, may influence gut hormone secretion. Although phloretin was only present in low amounts in this apple extract, phlorizin could be rapidly cleaved by the enzyme lactase phlorizin hydrolase (LPH) to release the aglycone phloretin.
High dietary glycemic index and glycemic load independently increase risk of T2D [45] . Frequent elevated excursions in postprandial glucose concentrations are thought to increase risk of T2D and CVD by inducing oxidative stress and glycation of proteins [5] . Studies with acarbose (an inhibitor of α-glucosidase) show that reducing the rate of carbohydrate digestion can be as effective as metformin (an insulin-sensitizing drug) in reducing glycosylated hemoglobin [46] , and that acarbose therapy can also reduce the risk of progression to diabetes in participants with impaired glucose tolerance by 25% [47] . The preventative effects of pharmacological therapies that inhibit the rate of carbohydrate digestion and absorption suggests that mechanistically analogous dietary strategies to control postprandial hyperglycemia could strengthen efforts to reduce the risk of T2D.
Strengths of this study include the robust study design and the use of highly purified fruit extracts removing the confounding factor of fruit fiber. The dose of blackcurrant extract used is achievable in everyday diets, as intake of 600 mg of blackcurrant anthocyanins is equivalent to ~100 g of fresh blackcurrants [29] . In treatment AE+BE, the blackcurrant extract was combined with apple extract containing 600 mg apple phenolics. An intake of 600 mg apple phenolics is equivalent to ~300 g of fresh whole dessert apples (1.5-2 average (182 g) medium-sized apples [29, 48] ), and the AE treatment was equivalent to twice this amount, which is physically possible to consume but unusual in single sittings. However, in this case, the apple extract was particularly concentrated in phlorizin; for example, the AE treatment provided an amount equivalent to approximately 31 medium-sized unpeeled dessert apples [29] .
Phlorizin is present in more concentrated amounts in apple stem (pedicel), seeds and skin (exocarp), which are often disposed of before eating. AE+BE contained a higher amount of total phenolic content than AE, but half as much phlorizin. Due to the diverse complexity in function-structural properties of polyphenols it is arguable that the different doses of total phenolics is not a hindrance to interpretation of the results. The combination of fruit extracts, and the potential presence of un-identified polyphenols contained within them, makes it difficult to attribute effects on glucose homeostasis entirely or even partially to specific phenolic acids or flavonoids, However, combinations of polyphenol-rich fruit extracts may exert potent effects on glucose absorption that may be additive or even synergistic in nature
Conclusions
In conclusion, ingestion of a large dose of apple polyphenol-rich extract, and half of 
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